is to express C• elf in terms of an effective roughness length for temperature Zf ff, which is analogous to that for momentum Zo eff
<H> -pcpk<u.2> •/2 [In(b/Zt•ff) -I]lH(b/gmeff)] -1 x (<Os>-<0•>) (lc)
where b is the blending height, i.e., the approximate height at which the flow is independent of horizontal position and yet is still in equilibrium with the local surface (of course, these two conditions cannot be strictly valid at the same height). Here u. is the friction velocity, mm eft is an effective Monin-Obukhov length, and WH is a universal function describing the effect of stability on the temperature profile. The process which Wood and Mason [1991] present to determine <u.2>, mm eft, and Zt •ff is highly iterative, while practical use of (lc) in a GCM would require a simple yet accurate method of calculating Z• fl.
Both methods (1 b) and (1 c) describe the average heat flux as proportional to the average temperature profile <0s-0z>. This usually works, but because of the nonlinearity of heat flux with respect to the temperature profile, <H> may be the reverse of its normal direction relative to <0s-0z> in certain conditions, as will be demonstrated in section 3, in which case the "mixture" parameterization schemes fail. It would be possible to add a correction term to <0s-0z> expressed in terms of the fraction of the grid square that is covered by open water or the surface temperature variance. A universally valid functional form is, however, not easily found, and a more straightforward approach is to to use the mosaic technique to be presented next.
The mosaic method is based on the separation of the fluxes over the ice-covered and ice-free parts of the grid square. If more accuracy is needed, the idea of local parameterization can be developed further. In addition to local transfer coefficients, we can calculate estimates of local wind speed and air temperature on the basis of the GCM's <V>, <Oz.>, <Osi>, and <0sW>. V and 0 over ice and over water (Vo i'w, 0o t'w) can be found using the stability-corrected logarithmic pro- where 0 < gv, go < 1. The optimal values for grand go depend on the situation, but if (3) is applied at the blending height, go = gv = 0.5 could be used as a basic estimate, because that represents an even mixture of local equilibrium and horizontal homogeneity. After computing V •'w and 0 i'w we can calculate <H> from (4). The process could, of course, be iterated further, but this is impractical in GCMs.
<H> -pcpffCnwVW(OsW-Oz w) + (1-f)cniv•(Osi-Ozi)] (4)
The above (formulas (la) to (4)) holds for the turbulent latent heat flux •.E as well, if we just replace 0 by the specific humidity q and cp by the latent heat of sublimation •..
According to the present knowledge, the transfer coefficients and roughness lengths for humidity are either equal or at least close to those for heat [e.g. Schmitt et al., 1979; Andreas, 1987; Smith, 1989 ]. We will use (la) to (4) to parameterize <H> and <•.E> on the basis of <V>, <0z>, OS i and Os w obtained from a two-dimensional model.
Radiative Fluxes
Almost the same problems that are encountered in the parameterization of turbulent heat fluxes are also present when parameterizing the radiation balance of the surface. In the case of incoming solar (shortwave) radiation, the subgrid (5) where Qos is the incoming shortwave radiation flux in cloud-free conditions and q)(N) is a reduction factor depending on cloudiness.
Considering the longwave radiation, the quantity we should determine is the grid average of the surface net longwave radiation QL, which depends on the air and surface temperatures and on emissivity, air moisture, and cloudiness. The problem resembles that of turbulent heat fluxes, but the dependence on wind speed is replaced by that on cloudiness. We look at the possibilities for grid averaging on the basis of the empirical formula by Maykut and Church [1973] . In low temperatures there is a lot of scatter between the results from the various empirical formulas for QL, but the above In atmospheric GCMs the computation of longwave radiation is a far more complex process, but in many sea ice models a simple parameterization like (6) is applied. Modifications to formulas (6) and (7) can be developed, as in the case of turbulent heat fluxes. One possibility would be to go further and separate the air temperature and cloudiness analogously to (4). As Q• changes slowly with temperature, the separation of cloudiness into N • and N w is, however, more important, if it can be done reliably.
Momentum Flux
The turbulent surface momentum flux over an ice-covered ocean depends on skin drag and on form drag, as stated by the drag-partition theory [Marshall, 1971; Arya, 1975 Although wide polynyas should be rare in the central Arctic, they are more common in the generally divergent field of Antarctic sea ice and are potential origins for high plume rises. In section 5 we try to simulate the vertical distribution of heat originating from large polynyas.
Theoretical Examples
In the case of narrow leads, simple considerations about the area averaging may be made, assuming that the leads are so narrow that the wind speed is not affected and the temperature of the air mass flowing from over the ice to over the lead does not change significantly. 0z does change, of course, but the change should remain small relative to the temperature difference Os-Oz. Accordingly, the local heat flux could be calculated using <0z> as a local Oz i'w and <V> as V 'w. In this case the mosaic method of (2a) should work, if applied at the blending height. If a lower reference height is used for calculations, the air mass modification may be important, particularly on horizontal scales of tens of meters, as shown by Worby and Allison [ 1991] . The mosaic method could, however, probably work relatively well also with reference heights lower than the blending height, because the integral effect of modification is felt in <0z>. Therefore <0z> gives too small a flux over the ice and too large a flux over the lead. These compensate each other, though not completely, because the heat flux is nonlinearly proportional to Os-Oz. The situation becomes more complicated when the lead is wide enough to modify the wind field.
We now examine whether the mixture method (la) is, in principle, applicable for the parameterization of <H>. 
Simulations

Experiments
The 2-D PBL model was used to simulate flow associated with long polynyas, 6-108 km wide. The whole model domain (124 km) was considered as representing a single grid square of a hypothetical GCM. The grid points of the mesoscale model (2 km apart) were set to be either totally ice covered or totally ice free without any subgrid size leads or ice patches. Thus we did not have to apply any of the methods (la) to (4) to parameterize <H> in the model but used the model results as a reference against (1 a) to (4).
The model was run for 96 hours (if not otherwise mentioned) to reach a steady state after a weak initial inertial oscillation had damped down and the boundary layer over a polynya had fully developed. We concentrated on the polar (Antarctic) winter case with extreme differences between the surface temperature of ice and polynya (Table 1 b 
Blending height.
A blending height b has been suggested for surface flux calculations using equations (lc) and (2a). In our simulations the blending height was, however, not very well defined. The flow only approached horizontal homogeneity at heights at which it was already far from local equilibrium. This was probably because the extreme differences in the surface temperature considerably modified the flow field. Yet it was usually possible to find Zmin, a height at which the sum of deviations from local equilibrium and deviations from horizontal homogeneity attained a minimum. Claussen [1990] 
Vertical Distribution of Heat
Explicit modeling for the rise of a heat plume from a polynya affected by entrainment processes would require a large-eddy resolving model. In the present model the growth of the internal boundary layer was due to turbulent diffusion (described by the mixing length theory) and mesoscale circulations. In addition, processes such as roll circulations Tables 2 and 3 . We see from the results that the parameterized <H> is almost always too small. We can seek the reason from the flow properties (Figures 3 to 6 was similar to that in the cases with G = 10 m s -1. Equation 
Net Longwave Radiation
The accuracy of the parameterization of the net longwave radiation depends above all on the distribution of cloudiness. QL was calculated using the mixture (6) and mosaic methods See Table 2 
Momentum Flux
The principal groups of simulations (1-6, compare Table l a) were analyzed to parameterize <x>, the portion of the grid-averaged momentum flux arising from skin friction, using (8) -(12). Additionally, the results of the sensitivity tests with G varying from 3 to 20 m s -• were used. In general, the performance of the parameterization schemes, based on surface wind, varied from case to case, (8) being, on the average, closest to the model results. When G was varied and f was constant, the choice of reference height for the calculations did not affect the results much, but whenf was varied the lowest reference heights (2 and 10 m) produced the best results. Thus the stability effect was best described using a low reference height. The method of calculating separate surface wind speeds over the ice and over the open water was tested, but now it did not improve the results. The performance of (8) - (12) is shown in Figure 11 and Table 5 .
Equation ( The constants would vary slightly for reference heights other than 30 m. In practice, the lowest level of a GCM would be a good choice for the reference height. The results shown in Figure 11 and Table 5 were obtained using (14) surface winds over polar oceans are uncertain in any models. They depend interactively on the surface momentum flux but also on the momentum exchange at upper levels of the atmospheric boundary layer. Therefore we feel that the most reasonable way to parameterize surface momentum flux is the use of Ca. Knowledge of its dependence on stability is, however, vital to get accurate results.
Discussion
The parameterization of surface heat and momentum fluxes over ice-covered oceans was studied considering cases The basic problem for the study was how to produce a grid-averaged surface heat flux using the following variables [Claussen, 1991a] . We also found it applicable for mesoscale situations to use the methods of Mason [1988] and Claussen [1990 Claussen [ , 1991a to compute the turbulent heat fluxes at a blending height. The blending height was not, however, always well defined, and the equations to predict it were not applicable in cases with wide polynyas. The mosaic method (2a) was sensitive to the calculation height, and the use of too low a height caused extreme errors in <H>, if applied over a coastal area having large subgrid variations in surface roughness. In most of today's GCMs the grid squares in coastal areas are set to be either wholly sea or land, but they could be presented as polynyas using the fraction of land and sea in each grid square. This would allow a more realistic representation of the coastline.
In lieu of observations to test the parameterization
It should be remembered that we assumed through this paper that the surface temperature is a variable in a GCM. If it is specified, e.g., climatologically, far larger errors are to be expected in the surface fluxes. Even if Os is calculated in the GCM, it depends interactively on the surface fluxes, and errors in calculating it cause errors in the fluxes as well. Accordingly, the real accuracy of the fluxes that can be expected in a GCM is not quite as good as the results presented in Figure 9 and Tables 2-4 According to the study of Chapman et al. [ 1994] , the lead fraction and the sensible heat and momentum transfer coefficients were the parameters to which an Arctic sea ice model was most sensitive. Thus great benefit would come from efforts to discover optimal methods for calculating the heat and momentum exchange processes. As the mesoscale model results are not complete, these efforts should also include observations of the polar atmospheric boundary layer, not only over narrow leads, but also on the mesoscale.
